Abstract: Cd(II) plus iodide species were extracted into PEG-rich phases in the aqueous PEG(1550)-(NH 4 ) 2 SO 4 system at pH 2.05 -7.12. IR spectra show that increasing (NH 4 ) 2 SO 4 solution acidity does not protonate PEG ether oxygen atoms, but decreases water content in the PEG-rich phases. Metallic species' extraction into the PEG predominantly alters how water molecules bind to polymer chains; the changes in their absorption bands depend on pH. Microscopy shows that "fixation" of the extracted metal in the PEG-rich phase occurs by specific interactions which depend on the species. These also determine changes in the polymer chains' conformation.
Introduction
Aqueous two-phase systems have recently been shown to be a clean and economical alternative to traditional solvents for metal ion extraction [1] [2] [3] [4] . PEG-based aqueous two-phase systems are obtained by mixing aqueous solutions of polyethylene glycol (PEG) with solutions of inorganic salts like (NH 4 ) 2 SO 4 . The upper PEG -rich phase has the role of the organic phase in traditional extraction systems. The lower phase is rich in inorganic salt. Some soft metal ions (i.e. Pb(II), Cd(II), Hg(II), Bi(III), Zn(II), etc.), can be extracted by halide or pseudo-halide ions into the PEG-rich phase as ion pairs [5] [6] [7] [8] [9] , similar to their extraction with ethers or ketones [10] [11] [12] . However, in most of these studies the focus is on the effect of experimental parameters on metal ion behavior and not the equilibria involved. Because anionic halide complexes are assumed to be extracted, an ion-pair extraction mechanism appears to be axiomatic.
Cd(II) extraction using iodide as extractant was studied previously in the two-phase aqueous PEG(1550) -(NH 4 ) 2 SO 4 system at four pH values [13] . Cd(II) extraction efficiency is determined by two factors: (1) (NH 4 ) 2 SO 4 solution pH, and (2) iodide concentration. In addition, the extracted species vary with acidity ( Thus, the generality of an ion-pair extraction mechanism becomes questionable because Cd(II) can be extracted as anionic complexes (CdI 2− 4 ), neutral molecules (CdI 2 ) or cationic species (CdI + ), depending on the acidity.
In our opinion, the extracted species pass into the PEG-rich phase unchanged where they are held by interactions characteristic of their type (anionic complexes, neutral molecules or cationic species). Thus, if their partition can be correlated with their degree of hydration (which will decrease as the number of iodides increases), the "fixation" will be determined mainly by their type.
Using IR spectrometry and optical microscopy we have analyzed the solid PEG-rich phases obtained by extraction with (NH 4 ) 2 SO 4 solution only (blank) and when Cd(II) plus iodide are also present, at four values of (NH 4 ) 2 SO 4 solution pH. We then describe how Cd(II) -iodide species interact with PEG molecules.
Experimental

Materials
Polyethylene glycol with average molecular weight 1550 (Serva Feinbiochemica Gmb. & Co.), (NH 4 ) 2 SO 4 and NaI (Aldrich), concentrated H 2 SO 4 and NH 3 solutions (Reactivul Bucharest) were analytical reagents and used without purification.
The ∼1000 µg/mL Cd(II) solution was prepared by dissolving cadmium nitrate (Fluka), in distilled water followed by standardization [14] . The 40 % (w/w) PEG solution was prepared by dissolving solid PEG in distilled water. The 40 % (w/w) aqueous (NH 4 ) 2 SO 4 was prepared similarly and the different pH values (2.05; 3.12; 4.53 and 7.12) were obtained by adding small volumes of concentrated H 2 SO 4 or NH 3 , which were included in the total solution mass. The pH of the (NH 4 ) 2 SO 4 solutions was measured with a Radelkis pH/ion-meter OK -271, equipped with a combined glass electrode. The 1M NaI was obtained by dilution of solid NaI to volume with 40 % (w/w) (NH 4 ) 2 SO 4 stock solution.
Preparation of solid PEG-rich phases
The aqueous two-phase systems were prepared by mixing equal volumes of PEG and (NH 4 ) 2 SO 4 stock solutions in a glass centrifuge tube. Cd(II) solution (0.5 mL) and 1M NaI solution (0.6 mL) were added. For this iodide concentration our previous study [13] showed that the maximum Cd(II) extraction is obtained at all four pH values. The systems were centrifuged for 10 min at 2000 rpm. The phases (1.0 -1.5 mL) were carefully separated using Pasteur pipettes and placed in separate tubes. PEG-rich phases easily solidified over 6 hours on chemically inert glass slides in air at room temperature (25 ± 0.5
• C). Solidified blank extractions were obtained by extracting the 40 % PEG with the different (NH 4 ) 2 SO 4 solutions. Cadmium ion and iodide were omitted.
IR spectra
Portions of the solid PEG-rich phases which contain the extracted metal species were cut out under the microscope. Their IR spectra (KBr pellets) were recorded over 400 -4000 cm −1 at 4 cm −1 resolution using a Bio-Rad FT-IR spectrometer. For each spectrum, 32 scans were averaged. Their spectra were compared with those of the blank extracts for each pH value. Only the spectral bands modified by metal ion extraction are considered.
Microscopy
Microscopy was performed on an Olympus microscope in natural and polarized light both by transmission and reflection. Different magnifications show some particularities of the extracted species' distribution into the PEG-rich phase.
Results and discussion
Due to the ease with which we can obtain the solid phases, aqueous PEG-based two-phase systems offer the unique possibility of studying these equilibria using solid phase analysis methods. Thus, information about the way in which species obtained by Cd(II) plus iodide extraction interact with PEG molecules can be obtained by IR spectrometry and optical microscopy.
IR spectra of solid blank phases
To show the changes in PEG due to formation of the two-phase system, IR spectra of 40% PEG extracted with the (NH 4 ) 2 SO 4 solutions (at the four pH values) were compared with the spectrum of the original 40 % PEG solution ( Fig. 1) . Comparison shows that the most important modifications are at high wavenumbers, where the O-H stretching of water molecules hydrogen-bonded to PEG chains appears. These changes are due to the different ways water is bonded to the polymer ( Table 2) . As Fig. 1 shows, the large split band from 3550-3238 cm −1 in the PEG spectrum is attenuated in the spectra of blank PEG (M), for all pH values. This is more obvious at higher acidity (Fig. 2) . The (NH 4 ) 2 SO 4 solutions thus dehydrate the polymer to varying degree. These observations agree with the literature hypothesis [16, 17] describing the formation of aqueous two-phase systems based on the components' (PEG and inorganic salt) competition for hydration, resulting in polymer dehydration and the formation of two immiscible aqueous phases. Table 2 Absorption maxima for water molecules bonded to PEG [14, 15] . In the presence of H 2 SO 4 (pH = 2.05 and 3.12), the maximum at 3238-3246 cm −1 is associated with O-H stretching of water molecules hydrogen-bonded to ether oxygens on two different PEG chains ("bridging water"). This band is attenuated; hydration decreases with acidity. This suggests that under these conditions, protonation of PEG ether oxygen is insignificant, in contrast to aliphatic ethers used in traditional extractions [10, 11] . At pH = 4.53 and 7.12 this band is enlarged and shifted to 3340-3370 cm −1 , indicating other ways of bonding water to the polymer (Table 2) . For the blank phases the PEG C-H stretch at 2889 cm −1 is shifted to lower wavenumber for all pH values. This shift suggests that interactions between polymer chains are intensified after phase separation. In addition, the 1111 cm −1 PEG C-O-C stretch shows little change in the blank extract spectra (M), indicating that the ether groups are little involved in the formation of the two-phase systems.
On the basis of these observations, we can say that: (1) the formation of aqueous PEGbased two-phase systems is based on competition for hydration between PEG molecules and (NH 4 ) 2 SO 4 , resulting in polymer dehydration; (2) the PEG molecules are not significantly affected by pH variation between 2 and 7; and (3) pH decrease causes water loss from the PEG-rich phases and their increased hydrophobicity.
IR spectra and microscopy of solid PEG-rich phases containing metal species
The IR spectra of solid PEG-rich phases obtained by (NH 4 ) 2 SO 4 solution extraction (blank extract, spectra 1) and with Cd(II) plus iodide (spectra 2) are compared in Figs. 3-6. New bands are not caused by metal extraction for any pH values. This means that no new metal -PEG covalent bonds form, so extraction is not due to complexation. However, splitting of the 1105-1115 cm −1 C-O-C stretch after extraction indicates a change of the ether oxygen atoms' environment by the metal. The most important changes appear at high wavenumbers, due to O-H stretching from water hydrogen-bonded to polymer chains, and the C-H stretch. The changes in this region differ with acidity, and depend on the metal species extracted. In both cases the 3238-3246 cm −1 band in spectrum (1) due to O-H stretch of water hydrogen-bonded to oxygen on different chains (Table 2) , is moved by metal species in spectrum (2) to 3460-3420 cm −1 , ascribed to O-H stretching of water molecules hydrogen-bonded to a PEG ether and another water molecule. This movement to higher wavenumber indicates a decreased interaction between polymer chains due to the metal species. This hypothesized relaxation of the polymer chain interactions is supported by the C-H shift to higher wavenumber after cadmium extraction. At these pH values, calculation predicts that the extracted species is CdI 2− 4 , and the observed spectral shifts indicate the way they interact with PEG. Thus, we can say that the extraction of CdI
2− 4
is due mainly to ionic forces which affect the bridging water molecules. A possible representation is given in Fig. 7 . Extracted metal species break the hydrogen bonds of water molecules bridging PEG chains, decreasing the interaction between polymer chains and changing the way water molecules bind. These conclusions are supported by microscopy. The images show that the solid PEG-rich phases consist mainly of relatively ordered domains (Fig. 8) . Their formation is due to interactions between anionic complexes (CdI 2− 4 ) and PEG molecules, which cause linearization of the polymer chains. The extracted metal species are probably fixed between PEG chains by square planar symmetry. These modifications of the polymer conformation are a consequence of the strong interactions between metal species and PEG chains, mediated by the bridging water molecules. evident is the C-H stretching shift to lower wavenumbers, which shows that the extracted metal species increased the interactions between polymer chains. At this pH neutral CdI 2 molecules are estimated to be extracted, and these changes can be attributed to the formation of new bonds between them and PEG, yielding increased interchain interactions (Fig. 9) . Microscopy shows that micro-domains with low degree of order predominate in the solid PEG-rich phase of this system (Fig. 10) . The formation of such poorly ordered domains indicates weak interactions between extracted metal species and PEG molecules, disrupting the polymer chains' linearization.
System without H
3.2.3 System with NH 3 (Fig. 6 : pH = 7.12) Both bands move to higher wavenumbers, due to the additional water brought in by the highly hydrated mixed complexes formed (CdI(NH 3 ) + y ; y =1-3). Even for this low metal concentration (extraction efficiency = 34.43 %), this shows changes in both the O-H stretch of water hydrogen-bonded to polymer chains and the C-H stretch. The solid PEG-rich phases are predominantly amorphous (Fig. 11 ). This structure is due both to the low metal species concentration in the PEG, which is insufficient to perturb the arrangement of polymer chains, and the additional water brought in.
Conclusions
Due to the ease by which the solid PEG-rich phases can be prepared, IR spectrometry and optical microscopy can be used to study the way in which metal species obtained from Cd(II) plus iodide interact with PEG in an aqueous PEG(1550) -(NH 4 ) 2 SO 4 two-phase system. In this paper, solid PEG-rich extracts obtained both without (blank phases) and with Cd(II) plus iodide, at four values of (NH 4 ) 2 SO 4 extractant pH, have been analyzed.
The phase separation is based on the competition for hydration between the two components (PEG and inorganic salt), which causes dehydration of the polymer chains. In addition, H 2 SO 4 (pH = 2.05 and 3.12) does not protonate the PEG ether but decreases the water content in PEG-rich phases, increasing these phases' hydrophobicity. PEG does not behave similarly to the aliphatic ethers used in traditional extraction, where their protonation is an elementary step in the extraction mechanism.
The absence of new IR bands in the PEG phase excludes complexation equilibria between metal ion and PEG in the polymer phases. Different extracted metal species cause different changes in the C-H stretch and in O-H stretching bands of water hydrogen-bonded to polymer chains. The interactions between metal species and PEG are facilitated by water molecules which hydrate the polymer; the water's bonding is also affected.
Microscopy confirms these conclusions and indicates that the "fixation" of extracted metal species in the PEG-rich phases is caused by specific interactions. These vary with the species, which also determines the modification of the polymer chains' conformation.
